The objective of this paper is to develop a sustainable integrated process design and control methodology for a distillation column system. The sustainable integrated process design and control problem for a distillation column system is typically formulated as a mathematical programming (optimization with constraints) problem, and solved by decomposing it to six sequential hierarchical sub-problems: (i) pre-analysis, (ii) design analysis, (iii) controller design analysis, (iv) sustainability analysis, (v) detailed economics analysis and (vi) final selection and verification. The results through case study of benzene-toluene separation process shows the proposed methodology is capable to find the optimal solution that satisfies design, control, sustainability and economic criteria in a simple and efficient way.
Introduction
Integrated Process Design and Control (IPDC) methodology was developed and able to obtain an optimal solution for the IPDC problem [1] . The IPDC methodology has shown that distillation column design at the highest point of driving force (DF) is the best in term of design and controllability. However, the developed methodology for the IPDC did not consider sustainability aspect in the early of design stage. Distillation column design can be further improved by including sustainability aspect within the developed IPDC methodology to ensure that the design is more cost efficient and controllable, as well as sustainable. As we know, sustainability is based on three principles which are environmental, economic and social. This paper will highlight the implementation of sustainability criteria in the IPDC methodology known as Sustainable Integrated Process Design and Control (Sustain-IPDC).
Methodology
The Sustain-IPDC problem is formulated as a generic optimization problem in which a performance objective in terms of design, control, sustainability and cost is optimized subject to a set of constraints as shown below. subjected to:
Process (dynamic and/or steady state) constraints
Constitutive (thermodynamic) constraints

Conditional (process-control) constraints
Sustain-IPDC problem for a distillation column system which is formulated as a mixed-integer dynamic optimization (MIDO) is solved by decomposing it into six stages: (i) pre-analysis, (ii) design analysis, (iii) controller design analysis, (iv) sustainability analysis, (v) detailed economics analysis and (vi) final selection and verification, as shown in Figure 1 . In this way, the solution of the decomposed set of sub-problem is equivalent to the original problem. As each sub-problem is being solved, a large number of feasible solution within the search space is identified and hence eliminated. Therefore, while the problem complexity may increase with every subsequence stage, the number of feasible solution is reduced at every stage.
The design with the maximum value of J is indicated as the best distillation design. The scenarios can be generated as follows:
 To achieve the process design objective, P 1 which is the performance criteria for a distillation design is maximized.  To achieve the controller objectives, P 2,1 is minimized and P 2,2 is maximized. P 2,1 is the sensitivity of controlled variable, y with respect to disturbance, d. While, P 2,2 is the sensitivity of controlled variables, y with respect to manipulated variables, u.  To achieve the sustainability objectives, P 3,j is minimized. P 3,1 , is the material consumption and P 3,2 is the energy consumption.  To achieve the economic objectives, P 4 which is net profit function are need to be maximized. Then the multi-objective function can be formulated as equation below. 
Application of Methodology for Distillation Column Systems
The application of the Sustain-IPDC is illustrated by the separation process of Benzene and Toluene.
Stage 1: Pre-analysis
The objective of this stage is to define the operational window where the optimal solution is located. The operational window is identified based on bottom and top product quality.
Step-by-step algorithm for a simple distillation by Bek-Pederson and Gani [2] is implemented in this step. The driving force diagram for Benzene-Toluene system at P = 6 atm is drawn as shown in Figure 2 . The Applied Mechanics and Materials Vol. 625 target for optimal sustainable process-control design solution for distillation column is identified at the maximum point of driving force (Point A). Two other points are identified as alternative designs (Points B and C). 
Stage 2: Design Analysis
All targets identified in Stage 1 is validated by finding the acceptable values of controlled and manipulated variables. Each points are analyzed by applying the methodology proposed by Bek-Pederson and Gani [2] . Then, from the results, other design-process variables of distillation column are obtained by using the Aspen HYSYS steady-state process simulator. The results are summarized in Table 1 . It is noted that design A corresponds to the lowest energy consumption. 
Stage 3: Controller Design Analysis
At this stage, the controllability performance of each of the feasible candidates is evaluated and validated for the selection of controller structure. There are two criteria that need to be analyzed which are sensitivity of controlled variables y with respect to disturbances d and sensitivity of controlled variables y with respect to the manipulated variables u. The details procedure for controller design analysis are shown in Hamid's work [3] . The results are summarized in Table 2 . It clearly shows that design A has the best controller design compare to design B and C. 
Stage 4: Sustainability Analysis
The purpose of this stage is to analyze the optimal design of distillation column in terms of sustainability. The sustainability of each distillation design is assessed by using two dimensional (2D) metrics, which are based on the economic environmental indicators [4] . In order to fulfill the sustainability criteria, it must have low impacts to the economic losses as well as environmental impacts. Material and energy consumption will be measured to satisfy sustainability objective functions. The values of each sustainability metric are tabulated in Table 3 . It can be seen that Point
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A has the lowest index compared with other points. Thus, it proves that the distillation design at the maximum point of driving force will have the best objective function in term of sustainability. Stage 5: Detailed Economic Analysis The distillation designs will be analyzed using profit function in order to analyze the design that will provide the maximum profit. There are four criteria used to calculate the profit function, which are profit of product, cost of material, depreciation cost and operating cost. The economic analysis is calculated by assuming that the distillation column is operating in 5 years and 340 days per year. The result of the calculation is summarized in Table 4 . From the results, distillation design at Point A has the highest profit and this verified that the best design in terms of economic criteria.
Stage 6: Final Selection and Verification
The objective of this stage is to select the best candidate by analyzing the value of the multiobjective function. The multi-objective function is calculated by summing up the multi-objective function value. From the result tabulated in Table 4 , it is clearly seen that the multi-objective function, J for distillation column design A is the highest compared to other designs. Therefore, it is verified that the distillation column design at the maximum point of driving force is an optimal solution for Sustain-IPDC of a Benzene-Toluene separation process which satisfies the design, control, sustainability and economic criteria. 
Conclusion
As a conclusion, a systematic-based methodology has been developed for sustainable integrated process design and control (Sustain-IPDC) for a distillation column system. This methodology has been applied and verified for a single distillation column. The presented case study of Benzene-Toluene separation process has shown that the optimal design with respect to design, control, sustainability and economic criteria can be obtained in an efficient and systematic way.
